The immunological resistance of a host to viral infections may be strongly influenced by cytokines such as interleukin-12 (IL-12) and gamma interferon (IFN-␥), which promote T helper type 1 responses, and IL-4, which promotes T helper type 2 responses. We studied the role of these cytokines during primary and secondary immune responses against Friend retrovirus infections in mice. IL-4-and IL-12-deficient mice were comparable to wild-type B6 mice in the ability to control acute and persistent Friend virus infections. In contrast, more than one-third of the IFN-␥-deficient mice were unable to maintain long-term control of Friend virus and developed gross splenomegaly with high virus loads. Immunization with a live attenuated vaccine virus prior to challenge protected all three types of cytokine-deficient mice from viremia and high levels of spleen virus despite the finding that the vaccinated IFN-␥-deficient mice were unable to class switch from immunoglobulin M (IgM) to IgG virus-neutralizing antibodies. The results indicate that IFN-␥ plays an important role during primary immune responses against Friend virus but is dispensable during vaccine-primed secondary responses.
Cytokines regulate both the initiation and the maintenance of immune responses against foreign antigens. Moreover, they control the types of immune responses generated and therefore the effector mechanisms that ultimately mediate resistance. Experiments using mice with specific cytokine gene inactivations have proven to be useful models for obtaining information about the regulation of immune cells in response to infection. Central to this regulation are CD4 ϩ T helper (Th) cells, which can be subdivided into distinct subsets based on the cytokines they produce. Th1 cells produce gamma interferon (IFN-␥) and predominantly induce cell-mediated immune responses and virus-neutralizing antibody responses of the immunoglobulin G2a (IgG2a) isotype (39) . The production of IFN-␥ by Th cells is often induced by interleukin-12 which is secreted by antigen-presenting cells (APC) (12) . In contrast to Th1 cells, Th2 cells secrete IL-4 and stimulate B-cell proliferation and differentiation to produce predominantly IgG1 and IgE antibodies (39) . The balance between Th1 and Th2 cells plays a major role in immunity and pathogenesis for several infectious diseases (10) , including possible roles in infections by human immunodeficiency virus (9, 61) and murine AIDS virus (19, 33, 45) . However, little is known about the role of cytokines in primary immune responses and vaccinemediated protection against retroviral infections.
We have previously used the Friend virus (FV) model to investigate basic mechanisms of retroviral immunity. FV is a complex comprised of a replication-competent helper virus known as Friend murine leukemia virus (F-MuLV), which is nonpathogenic in adult mice, and a replication-defective but pathogenic virus, spleen focus-forming virus (32) . The latter virus encodes a defective envelope protein, gp55, that binds to the erythropoietin receptor, leading to polyclonal erythroblast proliferation and splenomegaly (30, 31, 38) . The infection of adult mice with FV induces acute viremia and splenomegaly of various degrees depending on the genetic background of the mouse strain (7, 24) . In susceptible strains, disease progresses to lethal erythroleukemia (46, 49, 70) . Both virus-specific cellular and humoral immune responses are essential for recovery from primary FV infection (25, 27, 60, 67) . Furthermore, vaccine-induced protection against FV-induced erythroleukemia also requires complex immune responses including CD4 ϩ T cells (Th cells); CD8 ϩ T cells (cytolytic T lymphocytes [CTL]), and B cells (17) .
In this study, we analyzed the role of IL-4, IL-12, and IFN-␥ in immunity to FV infection in mice with genetic inactivations in each of the cytokine genes. We focused on these cytokines because they are major regulators of Th1 versus Th2 responses (10) , which may strongly influence the outcome of disease (48, 63) . All mice used for these experiments were on the C57BL/6 (B6) genetic background because of the availability of cytokine genetic inactivations in this mouse strain. One consideration in studying FV-induced disease in B6 mice is that these mice are genetically resistant to FV-induced erythroleukemia due to the Fv2 gene. Fv2 acts in a nonimmunological manner to limit FV-induced polyclonal cell activation and splenomegaly (30, 55) . Despite their genetic resistance to FV-induced disease, wild-type B6 mice cannot completely eliminate FV and remain infected with low-level virus for life. Furthermore, B6 mice deficient in specific lymphocyte subsets such as CD4 ϩ or CD8 ϩ T cells develop late-onset lethal erythroleukemia (24, 35, 68) . Thus, immune responsiveness at the cellular level is an important factor in the resistance of B6 mice to FV-induced erythroleukemia, and this resistance may involve the production of cytokines. We previously showed that the establishment of persistent FV infections could be prevented by vaccination with a live attenuated Friend helper virus (16) . Such vaccineinduced protection from persistent infections was shown to be associated with clearance of infectious centers from the spleen by 2 weeks postchallenge. Therefore, in this study we analyzed the role of IL-4, IL-12, and IFN-␥ in vaccine-induced clearance of spleen FV by 2 weeks postchallenge as well as the role of these cytokines in the resolution of primary FV infections.
MATERIALS AND METHODS

Mice.
All experiments were performed with 3-to 6-month old female mice, and all strains except B6-IFN-␥ Ϫ/Ϫ were obtained from the Jackson Laboratory, Bar Harbor, Maine. The C57BL/6-IL-12b tm1Jm (B6-IL-12␤ Ϫ/Ϫ ) mice were N 11 generation and were provided by permission from Jeanne Magram and Hoffmann-La Roche, Nutley, N.J. Enzyme-linked immunosorbent assays for FVspecific IFN-␥ Ϫ/Ϫ responses in vitro showed that the B6-IL-12␤ Ϫ/Ϫ mice did not make normal IFN-␥ Ϫ/Ϫ responses as reported for this strain (data not shown) (40, 41) . The C57BL/6-IL-4 tm1Nnt (B6-IL4 Ϫ/Ϫ ) mice were produced using B6 embryonic stem cells (43 Virus challenge and vaccination. In all virus challenge experiments, mice were injected intravenously with 0.5 ml of phosphate-buffered balanced salt solution containing 2% fetal bovine serum and 3,000 spleen focus-forming units of FV complex. The B-tropic, polycythemia-inducing FV complex used as challenge virus in all experiments was from uncloned virus stocks obtained from 10% spleen cell homogenates as described elsewhere (26) . The N-tropic F-MuLV vaccine virus (stock 29-51N) (6) was a 24-h supernatant from infected Mus dunni cells. Mice were vaccinated by intravenous injection of 0.5 ml of phosphatebuffered balanced salt solution containing 2% normal mouse serum and 10 4 focus-forming units (FFU) of F-MuLV vaccine virus. Disease was followed by palpation for splenomegaly in a blinded fashion as described elsewhere (26) .
Viremia and virus-neutralizing antibody assays. For viremia assays, freshly frozen plasma samples were titrated by focal infectivity assays (65) on susceptible M. dunni cells pretreated with Polybrene (4 g/ml). Cultures were incubated for 5 days, fixed with ethanol, stained with F-MuLV envelope-specific monoclonal antibody (MAb) 720 (59), and developed with goat anti-mouse peroxidaseconjugated antisera (Cappel, West Chester, Pa.) and aminoethylcarbazole to detect foci. To test plasma samples for virus-neutralizing antibodies, heat-inactivated (56°C, 30 min) samples at titrated dilutions were incubated with virus stock in the presence of complement at 37°C with or without ␤-mercaptoethanol to distinguish IgG from IgM as previously described (47) . The samples were then plated as described for the viremia assay to determine the dilution at which 90% of the virus had been neutralized.
Infectious center assays. Titrations of single-cell suspensions from infected mouse spleens were plated onto susceptible M. dunni cells (36) , cocultivated for 5 days, fixed with ethanol, stained with F-MuLV envelope specific MAb 720 (59) , and developed with peroxidase-conjugated goat anti-mouse antibodies and aminoethylcarbazole to detect foci.
Flow cytometric analysis for F-MuLV antigen expression. Single-cell suspensions were analyzed using a Becton Dickinson FACSCalibur flow cytometer. The cells were stained with tissue culture supernatant containing MAb 34 (8) , which is specific for F-MuLV glycosylated Gag protein expressed on the surfaces of infected cells. Development was done with fluorescein isothiocyanate-labeled goat anti-mouse IgG2b-specific antiserum (Caltag Laboratories, Burlingame, Calif.) preabsorbed with mouse cells to remove background activity (10 9 nucleated spleen cells/ml of serum, 40 min on ice).
RESULTS
Effect of cytokine deficiencies on primary immune responses to FV infection.
To determine whether Th1-or Th2-type cytokines were important in primary FV-specific immune responses, we first compared virus loads in the plasma of FVinfected B6 wild-type mice with loads in the plasma of IFN-
, and IL-12 Ϫ/Ϫ mice. At 1 week postinfection, less than half of the wild-type B6 mice were viremic, and all but one had levels below 10 3 FFU per ml of plasma ( Fig. 1 ). In contrast, two-thirds of the IFN-␥ Ϫ/Ϫ mice had viremia levels greater than 10 3 FFU per ml, and the geometric mean viremia of this group was significantly higher than that in the B6 group (P Ͻ 0.01) (Fig. 1) . Deficiencies in IL-4 and IL-12 did not have a statistically significant effect on viremia levels at 1 week postinfection. Most of the IL-4 Ϫ/Ϫ mice and most of the B6 mice tested negative. None of the IL-12 Ϫ/Ϫ mice tested negative for viremia, but the levels of viremia were low and not statistically different from values for B6 wild-type controls (Fig.  1) . Thus, IFN-␥ had a significant influence on plasma viremia.
To determine if the increased viremia in the IFN-␥ Ϫ/Ϫ mice was due to increased virus replication in specific tissues, flow cytometric analysis was performed to detect cell surface viral antigen expression on cells from the spleen, bone marrow, blood, lymph nodes, and thymus. At 1 week postinfection, the IFN-␥ Ϫ/Ϫ mice had significantly higher levels of FV antigenpositive cells in the spleen, bone marrow, and blood than did the B6 mice ( Table 1 ). The increases were only slight in the spleen and blood but averaged more than twice as high in the bone marrow. Infection in the blood and lymph nodes was quite low, and no infection above background levels was observed in the thymus. The approximate doubling of infection levels in the bone marrow suggested that it was a relevant source of virus in IFN-␥ Ϫ/Ϫ mice. These results also suggested that the bone marrow may be particularly sensitive to loss of the antiviral activities of IFN-␥.
To determine whether the infections in any of the cytokine-FIG. 1. Plasma viremia in mice 1 week after infection with FV. Each dot represents the results from a single mouse. The limit of detection was 220 FFU/ml of plasma. The difference in geometric means (log 10 ) between the B6 control group and the other three groups was analyzed by one-way analysis of variance. Since the control B6 group was used for multiple comparisons, the P values were corrected using Dunnett's multiple-comparisons test. For purposes of statistical analysis where a value must be assigned, the negative mice (Ͻ220 FFU/ml) were arbitrarily assigned a value of 10 2 . Only the difference between B6 and IFN-␥ Ϫ/Ϫ mice was statistically significant (P Ͻ 0.01).
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ROLE OF CYTOKINES IN FRIEND VIRUS IMMUNITYdeficient mice progressed to leukemia, groups of mice were individually palpated for splenomegaly every week for 12 to 14 weeks following infection. The mice tested in this part of the study were not bled during this time, as bleeding activates hematopoiesis, stimulates virus spread, and can exacerbate disease (72) . Also, levels of spleen infectious centers were measured to determine whether the mice had maintained immunological control over spleen virus. Consistent with previous reports (35, 51) , none of the B6 mice became grossly splenomegalic over the observation period (Fig. 2) . However, all of the mice still harbored persistent virus at the 3-month time point, with approximately 10 4 infectious centers per spleen (Fig. 3) . IL-4
Ϫ/Ϫ and IL-12 Ϫ/Ϫ mice also did not develop gross splenomegaly (Fig. 2) , and their levels of persistent infection were comparable to those for wild-type B6 mice (Fig.  3) . IFN-␥ Ϫ/Ϫ mice gave interesting results. At the 3-month time point, the IFN-␥ Ϫ/Ϫ mice had diverged into two groups with respect to both splenomegaly and spleen virus levels. One-third of the IFN-␥ Ϫ/Ϫ mice progressed to gross splenomegaly beginning at 10 weeks postinfection (Fig. 3) , and five of nine IFN-␥ Ϫ/Ϫ mice had levels of spleen virus more than 10 times higher than levels observed in normal B6 mice (Fig. 3) . These results associated lack of IFN-␥ with an increased risk of late onset splenomegaly and high levels of spleen infectious centers following FV infection but also suggested that compensatory mechanisms might be at play in some mice which were able to maintain control over virus. The fact that some mice had high levels of infectious centers in the absence of splenomegaly suggests that they may have been caught at an early stage of leukemia development.
Effect of cytokine deficiencies on vaccine-induced secondary responses to FV infection. In previous experiments, we used N-tropic F-MuLV helper virus as a vaccine virus to prevent acute viremia (15) and persistent FV infection (16) . To determine the effect of IL-4, IL-12, and IFN-␥ deficiencies on vaccine protection from acute virus infection, vaccinated and challenged mice were assayed at 1 week for viremia. Since previous experiments showed that prevention of the establishment of persistent FV infection correlated with lack of spleen infectious centers at 2 weeks postinfection, the mice were also assayed for spleen infectious centers at this time point. Vaccinated B6 mice were completely protected from viremia at 1 week postchallenge (Fig. 4A) , and only 14% had detectable spleen infectious centers at 2 weeks postchallenge (Fig. 4B) . Results for the vaccinated cytokine-deficient mice were quite similar to those for wild-type mice: no measurable viremia (Fig. 4A) and very few or no spleen infectious centers. Thus, IL-4, IL-12, and IFN-␥ did not appear essential for the vaccineinduced protection elicited by infection with live attenuated virus.
IL-4, IL-12, and IFN-␥ all potentially influence antibody responses against pathogens, especially with regard to the classes of antibodies which develop in response to infection (10, 58) . Therefore, we compared the antibody responses in cytokine-deficient mice with those in wild-type mice in terms of total virus-neutralizing antibody titers and ability to switch from IgM to IgG. At 1 week postchallenge, all groups of mice had similar total virus-neutralizing antibody titers, with slightly higher levels in the IL-4 Ϫ/Ϫ mice (Fig. 5A) . In contrast, IFN-␥ Ϫ/Ϫ mice had no detectable virus-neutralizing IgG antibodies (Fig. 5B) . Thus, the lack of IFN-␥ in the knockout mice prevented class switching from IgM to IgG antibody, but class switching was not critical for vaccine-induced protection a All tissues were examined as single-cell suspensions of nucleated, live cells. Six samples were analyzed for each tissue, and the values shown are means plus or minus standard deviations. The small differences in spleen infection levels and the larger differences in bone marrow infection levels were statistically significant by Student's two-tailed t test (P ϭ 0.0131 and 0.0029, respectively). The differences in blood infection levels were evaluated by the Mann-Whitney test (P ϭ 0.0022) because the standard deviations between the two groups were significantly different, precluding the use of Student's t test.
FIG. 2.
Splenomegaly in FV-infected mice. Adult mice were infected with FV and monitored for induction and progression of splenomegaly as described elsewhere (26) . The IFN-␥ Ϫ/Ϫ group comprised two separate groups of nine and seven mice. The group of nine mice was euthanized at 12 weeks and tested for infectious centers as shown in Fig. 3 , while palpations were continued on the remaining seven mice). The IL-12 Ϫ/Ϫ group, IL-4 Ϫ/Ϫ group, and B6 control group consisted of 20, 10, and 10 mice, respectively. Chi square analysis of splenomegaly in B6 versus IFN-␥ Ϫ/Ϫ mice using Fisher's exact test gave a P value of 0.035. against FV since the IFN-␥ Ϫ/Ϫ mice appeared to be completely protected.
DISCUSSION
Of the three cytokine-deficient mouse strains analyzed in this study, only the IFN-␥ Ϫ/Ϫ mice were defective in the ability to control FV, as evidenced by high levels of viremia at 1 week postinfection high levels of infectious centers and FV-induced splenomegaly in some of the mice at 3 months postinfection. These results are consistent with other studies showing protective roles of IFN-␥ for a number of viruses, including ectromelia virus (34), lymphocytic choriomeningitis virus (LCMV) (21, 37, 50) , herpes simplex virus (5, 66, 73) , adenovirus (71), cytomegalovirus (29), hepatitis B virus (22, 23) , and the retrovirus complex designated murine AIDS virus (19, 20) . IFN-␥ has been shown to exert its antiviral activities through a number of direct and indirect mechanisms. Direct mechanisms include induction of cellular resistance to infection (14) , inhibition of virus replication through noncytopathic effects (23, 34) , and induction of apoptosis (18) . Indirect mechanisms of IFN-␥ antiviral activities include up-regulation of major histocompatibility complex class I and class II molecules (12, 71) , activation of APC (4), and the induction of Th1-type T-cell responses, which are generally associated with protection from viral infections (10, 58) .
Th1 responses are characterized by CTL activity and the production of IgG2a antibodies, both of which have been shown to be important mediators of anti-FV immunity (3, 25, 60) . In addition, major histocompatibility complex-dependent recovery from FV infection has been correlated with IFN-␥ production by CD4 ϩ cells (56) . Thus, the dependence of the primary anti-FV immune response on IFN-␥ suggests that protective immunity against FV is associated with IFN-␥-dependent Th1 responses. The lack of effect from IL-4 deficiency on recovery from primary FV infection is also consistent with a protective Th1 response, since IL-4 down-regulates Th1 responses and up-regulates Th2 responses which are generally not beneficial to viral immunity (1, 10, 44, 58, 64) . shown. The neutralizing antibody titer was considered to be the highest dilution at which greater than 75% of the input virus was neutralized. The difference between the log 2 geometric mean total Ig titer of the vaccinated B6 control group was compared to the values for three cytokine-deficient groups by one-way analysis of variance using Dunnett's multiple-comparisons correction for comparing a control group to several experimental groups. Only the difference between B6 (log 2 geometric mean ϭ 6.6) and IL-4 Ϫ/Ϫ (log 2 geometric mean ϭ 7.9) mice was statistically significant (P Ͻ 0.05). The same statistical analysis was done for the IgG virus-neutralizing antibody titers. The difference between B6 (log 2 geometric mean ϭ 6.3) and IFN-␥ Ϫ/Ϫ (log 2 geometric mean ϭ 2.3) mice was statistically significant (P Ͻ 0.01), as was the difference between B6 and IL-4 Ϫ/Ϫ mice (log 2 geometric mean ϭ 7.4, P Ͻ 0.05).
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There was a dichotomy within the IFN-␥ Ϫ/Ϫ group regarding the ability to maintain control over long-term FV replication. Approximately half of the mice maintained FV at quite low levels in the spleen, while the remaining mice had very high levels (Fig. 3) . In addition, approximately one-third of the IFN-␥ Ϫ/Ϫ mice developed FV-induced splenomegaly (Fig. 2) . Thus, it appears that some mice were able to compensate for the lack of IFN-␥ whereas others were not. However, these findings must be interpreted in light of the role of IFN-␥ in regulating erythropoiesis (57) . Because IFN-␥ inhibits colony formation by erythroid precursor cells (42, 69) , the cells that are primary targets for infection by FV, it is very likely to have effects on FV-induced disease progression that are distinct from its antiviral properties. In fact, it is possible that lack of IFN-␥ disrupts the complex network of humoral and microenvironmental factors regulating hematopoiesis in ways that are in opposition to the antiviral activities of IFN-␥, resulting in imbalances that could resolve either in favor of virus replication or in favor of virus control. Alternative courses of resolution could explain the divergent data obtained for the IFN-␥ Ϫ/Ϫ mice at 3 months postinfection. Another possibility is that a genetic resistance factor other than IFN-␥ might be segregating within IFN-␥ Ϫ/Ϫ mice. The IFN-␥-targeted mutation was bred from mouse strain 129 into the B6 genetic background for eight generations, and so the genetic material in these mice should be 99.6% identical. The consistency of the results from the IFN-␥ Ϫ/Ϫ mice in all assays at early time points argues against this possibility but does not exclude a genetic influence.
Although IL-12 is often involved in eliciting IFN-␥ responses (10), the FV-specific IFN-␥ response in vivo was apparently not dependent on IL-12, and no effects from IL-12 deficiency were observed in this study. It is possible that we missed some effects because they fell below the detection limits of our assays, but IL-12 was clearly not a major factor even in unvaccinated mice. However, in in vitro analysis of CD4 ϩ T cells obtained from infected IL-12 Ϫ/Ϫ mice, we did find poor production of IFN-␥ in response to stimulation with FV (data not shown). Thus, it appears that there was a compensatory mechanism involved in production of IFN-␥ in vivo, possibly through IL-18 (52) or IFN-␣/␤ (11). These findings are in accordance with results from other viral systems such as mouse hepatitis virus (62), LCMV (11, 53) , and vesicular stomatitis virus (53) , in which IL-12 Ϫ/Ϫ mice showed levels of virus replication and antibody responses similar to those of wild-type mice. Thus, it appears that many viruses can induce protective IFN-␥ responses in the absence of IL-12.
Although IFN-␥ played an important role in the primary response to FV infection, there was no apparent requirement for IFN-␥ in vaccine-induced protection. Similar results have been obtained in the LCMV model, where DNA-vaccinated IFN-␥ Ϫ/Ϫ mice developed CTL and non-IgG2a antibody and were protected as well as wild-type mice (28) . However, the dependence on IFN-␥ for vaccine protection can vary from model to model, depending on the virus and the vaccine. For example, in the mouse model for influenza A, IFN-␥ Ϫ/Ϫ mice immunized with an attenuated virus developed CTL and antibodies but were not protected as well as wild-type mice (2) . The fact that we did not see an effect from IFN-␥ deficiency in the vaccinated mice does not indicate that it played no role but merely shows that it was not essential for protection given the parameters that we studied. These results further indicate the existence of mechanisms which can compensate for lack of IFN-␥. Since IFN-␥ has been shown to play an important role in primary responses against a large number of viruses, including FV, and also plays important roles in secondary immune responses against some viruses, it seems likely that vaccines designed to elicit IFN-␥ responses and Th1-type immunity would have a better probability of success than those that do not.
Some reports have shown that IL-4, which is involved in down-regulating Th1-type immunity, is detrimental to protection from viral infections. For example, virus-encoded IL-4 or exogenously administered IL-4 significantly delayed clearance of vaccinia virus, respiratory syncytial virus, and influenza virus (1, 44, 64) . Consistent with the idea that Th1 responses are involved in protective secondary immune responses to FV, vaccinated IL-4 Ϫ/Ϫ mice, which cannot down-regulate Th1 responses, had slightly but significantly higher virus-neutralizing antibody titers than wild-type mice (Fig. 5) . As detailed previously, the antibody response is an essential aspect of vaccineinduced immunity to FV. While no difference in protection from acute disease or persistent infection was demonstrable in the present studies, the results suggest that vaccines designed to avoid eliciting IL-4 secretion might enhance virus-neutralizing antibody responses. This might be especially helpful in cases where it is difficult to generate antibody responses (54) .
